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[1] The sawtooth event period embedded in a storm interval on 2001-10-22 is analyzed
using magnetic field modeling techniques. The model current systems show that sawtooth
injections are associated with strong stretching of both the nightside and dusk-sector
magnetic field prior to the injection and a partial disruption of that current at the time of
the injection. The currents are strongest near geosynchronous distance and in the
premidnight sector. The strong dusk-sector field stretching produces very fast proton drift
speeds, which can explain the near-simultaneous occurrence of the injections over a
wide local time sector. Comparison of sawtooth periods with nonstorm substorms indicates
that the tail field behavior resembles that of nonstorm substorms, but that the consequences
of the stretching/dipolarization cycle are different from nonstorm times. As the drifting
protons during sawtooth events are mostly on open drift paths, the symmetric ring current is
only slightly affected, while large variations are seen in the asymmetric ring current. The
three-spacecraft magnetic field measurements together with the Ds¢ index were sufficient to

constrain the magnetic field model to give a reasonably accurate global magnetic field
representation, as confirmed by an independent test using measurements not used in the
fitting. Thus we conclude that the empirical modeling methods can be quite reliable in
predicting the large-scale fields when suitable observations are available.
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1. Introduction

[2] The inner magnetosphere is a complex region with
highly varying electromagnetic fields and multiple plasma
populations present at all times. Yet it is the region where
accurate forecasts of the space environment are most
needed, as it hosts the majority of the Earth-orbiting
spacecraft in the very hostile particle environment. As the
complexity of the fields and particle distribution functions
makes accurate representation of the plasma environment
challenging, key questions both for scientific research and
space weather forecasts center around the models that we
have available today are: To what extent can they provide a
predictive capability? What is the level of model sophisti-
cation needed for sufficient accuracy? What are the best
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dynamic equations to accurately describe the inner magne-
tospheric physics?

[3] The inner magnetospheric dynamics is at its most
variable during magnetic storms, when the magnetic and
electric fields are highly disturbed, and the energetic ion and
electron fluxes increase by orders of magnitude. The mag-
netic activity during storms is much more complex than
under nonstorm conditions and has been under intense study
recently. Depending on data sets and analysis methods used,
stormtime substorms have been judged to be qualitatively
different from nonstorm ones, while some researchers have
argued that even if stormtime substorms may have features
distinct from the nonstorm ones, most of them can be
categorized as substorms [Henderson, 2004; Pulkkinen et
al., 2005].

[4] To avoid semantic problems associated with the
definition of what is and what is not a substorm, in this
paper we call rapid enhancements of the westward electrojet
seen as significant decreases in the ground magnetometer X
componenets “activations” rather than “substorms.”” This
allows for a variety of associated tail signatures, some of
which may be analogous to substorms while others may not.

[s] Sawtooth events are a particular set of magneto-
spheric activations, which are most often observed during
storm periods. At geostationary orbit, they are characterized
by quasiperiodic injections expanding over the terminators
within a few minutes of the injection. Furthermore, they are
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Figure 1. 2001-10-21-22: Solar wind and IMF observa-
tions. Magnetic field components (a) By, (b) By and (¢) B,
from ACE (all in GSM coordinates, data are lagged by
36.7 min to account for the traveltime from the spacecraft
to the average magnetopause position); (d) Solar wind
dynamic pressure from WIND (lagged 4.5 min); (¢) ASY-H
and SYM-H indices; (f) AU and AL indices created using
data from 80 stations from the SuperMAG network. The
vertical lines show the storm onset, and the magnetic cloud
begin and end times.

characterized by an extremely stretched magnetic field at
synchronous orbit [Reeves et al., 2004; Henderson, 2004;
Huang et al., 2005]. While in many respects these activa-
tions resemble nonstorm substorms [Lui et al., 2004], their
wide longitudinal extent, rapid propagation speed, and
periodicity of about 2.5 hours raise important questions of
what drives these global-scale magnetospheric oscillations,
and what magnetospheric and ionospheric current systems
support such development.

[6] Empirical models of the electromagnetic fields pro-
vide a means to examine the magnetospheric current sys-
tems, and combined with drift calculations, a possibility to
study the acceleration of both ring current ions and outer
van Allen belt electrons. The most widely used field models
developed by Tsyganenko [1989; 1995] provide a good
representation of the average magnetospheric configuration
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but cannot account for the shorter timescale variations of the
magnetic field during substorms or the large field changes
during intense storms. Statistical models designed specifi-
cally to represent the storm-time inner magnetosphere have
also been developed by parametrizing the magnetospheric
field configuration dependence on the state of the external
solar wind and interplanetary magnetic field (IMF)
[Tsyganenko, 2002a, 2002b]. While these models are good
for following the large-scale evolution of the field, again
they cannot reproduce the fine structure of the stormtime
substorms or other activations.

[7] Attempting to gain an accurate representation of the
magnetospheric configuration during specific events, event-
oriented methods use observations to determine the current
systems at any given time [Ganushkina et al., 2002, 2004].
Such models have allowed us to study the evolution of the
magnetospheric current systems during storms of varying
intensity. Specifically, we have addressed the long-standing
issue of the relative contributions of the tail and ring
currents during storms [Skoug et al., 2003; Ganushkina et
al., 2004; Kalegaev et al., 2005]: It was demonstrated that
during moderate magnetic storms the tail current intensifi-
cation is a major contributor to the Dst-enhancement, but
that during intense storms it is the ring current proper that
accounts for the large magnetic disturbances seen in mid-
latitude magnetograms.

[8] In this paper we examine in detail the magnetotail
activity during a sawtooth event that was observed during
the Earth passage of the trailing edge of a magnetic cloud on
2001-10-22. Interestingly, the energy input and output to
and from the magnetosphere were in balance such that the
Dst index remained almost constant at the level of near
—150 nT over a 24-hour period [Pulkkinen et al., 2005].
The sawtooth injections were observed toward the end of
this period, associated with relatively strong solar wind
driving and intense high-latitude magnetic activity. Using
this event as a representative example, we will discuss the
stormtime magnetic activations, energy circulation and its
drivers during storms, the relationship between sawtooth
events and substorms, and the interaction between the
magnetotail and the ring current. With these results, we
address the requirements for models to adequately represent
the complexity of the inner magnetosphere.

2. Observations
2.1. Storm Overview

[9] The storm initiated when the sheath region of an
interplanetary magnetic cloud reached the magnetosphere
at 1645 UT on 2001-10-22. The shock was driven by a
velocity jump from about 400 to 600 km/s. In the sheath
region, the IMF B, was variable but mostly negative.
Following the sheath encounter, the magnetosphere was
embedded within the cloud proper (0140—1915 UT on
22 October), which had a large negative By and slowly
rotating By and B;. The IMF B, was close to zero at the
leading edge of the cloud, while it was negative during
the latter part of the cloud. Magnetic field measurements
from MAG instrument onboard the ACE spacecraft [Smith
et al., 1998] in the interplanetary space are shown in the top
three panels of Figure 1.
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Figure 2. 2001-10-22: Differential fluxes (a) electrons
from LANL-097A, (b) protons from LANL-097A, (c)
electrons from 1991-080, (d) protons from 1991-080, (e)
electrons from 1994-084, and (f) protons from 1994-084
spacecraft. Local midnight is indicated by the black dot for
each spacecraft. The fluxes are given in units of 1/(cm?® sr
s keV). Energy channels for electrons are 50—75, 75-105,
105-150, 150225, 225-315, and 315-500 keV and for
protons 50-75, 75-113, 113-170, 170-250, 250-400,
400-670 keV. (g) ASY-H and SYM-H indices in nT.

[10] The solar wind dynamic pressure was large and
highly variable during the sheath encounter ranging from
a few nPa to above 40 nPa during the encounter, while it
was smoother but remained around 10 nPa during the
following magnetic cloud. Solar wind pressure observations
from the SWE experiment onboard the Wind spacecraft
[Ogilvie et al., 1995] upstream of the magnetosphere are
shown also in Figure 1d. The largest pressure enhancements
together with the negative B, were strong enough to push
the magnetopause inside geosynchronous orbit [Pulkkinen
et al., 2005].

[11] The Wind spacecraft was at (43.3, —7.5, 6.5) Ry at
the shock onset and moved to (22.3, 7.0, —0.1) Rz by the
end of 22 October. The ACE satellite at the L1 point moved
from (220.9, 4.7, 26.2) Ry to (220.7, 11.1, 25.3) Rz (GSM
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coordinates) during the same time period. The average
travel times from the satellite position to the magnetopause
were 4.5 min for Wind and 36.7 min for ACE, assuming
only motion in the X direction. All solar wind and IMF data
are shown with these time shifts included.

[12] The two bottom panels of Figure 1 show the mag-
netic indices describing midlatitude and high-latitude mag-
netic activity. The SYM-H index varied between —130 and
—160 nT and was relatively constant over an extended time
period from the main phase maximum through the end of
the magnetic cloud passage. The ASY-H index was highly
variable and reached values above 150 nT. The standard
interpretation of these observations is that while the sym-
metric part of the ring current remained relatively constant,
the asymmetric ring current was very strong and highly
variable during the storm [lyemori and Rao, 1996].

[13] The auroral activity was concentrated on two peri-
ods, first during the cloud sheath encounter and later during
the trailing edge of the cloud when the IMF was again
strongly negative. Both periods were characterized by
strong and almost continuous AL activity reaching well
below —1500 nT. The AU and AL indices shown in
Figure 1f were created using 80 magnetograms from the
SuperMAG network.

2.2. Sawtooth Injection Observations

[14] Figure 2 shows the geosynchronous energetic elec-
tron and proton measurements from the SOPA instruments
onboard three LANL spacecraft [Belian et al., 1992]. The
sawtooth injections can be seen as four distinct flux
enhancements in both electrons and protons. The filled
circle in each panel denotes the time of local midnight of
the satellites. It is obvious that the injections are near-
simultaneous both in electrons and in protons, and over a
wide range of local times. The SYM-H and ASY-H
indices are repeated in the bottom panels for reference.
The vertical lines show the injection onset times for all
four sawteeth. These times should be considered only as
reference times to help reading the figures and are not
meant to imply exact knowledge of the actual onset times
of the injection processes.

[15] Figure 3 shows magnetic field measurements both
from ground and space. The vertical lines mark the times of
the sawtooth injection onsets. The top panel shows the
midlatitude SYM-H and ASY-H indices. The injections do
not cause marked signatures in the SYM-H index other than
a slight reduction following each sawtooth. On the other
hand, the ASY-H index generally responds to the injections
by an initial decrease followed by delayed increase. The
AL-index shows enhanced auroral-latitude activity through-
out the period. The first two sawteeth show an associated
AL intensification, which, however, is delayed with respect
to the geostationary orbit injection onset. The third and
fourth injections show simultaneous enhancement, but not
very pronounced intensity increase.

[16] The three bottom panels depict the magnetic field
variations in the inner magnetosphere. Magnetic field
measurements are shown from GOES-8 in the morning
sector and GOES-10, which passed through midnight
slightly before the first sawtooth injection (see Singer et
al. [1996] for instrument details). Polar was in the night
sector plasma sheet at about 8 Ry distance and 22 MLT.
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Figure 3. 2001-10-22: (a) ASY-H and SYM-H indices;
(b) AU and AL indices created using data from 80 stations
from the SuperMAG network; Magnetic field B, compo-
nents from (c) GOES-8, (d) GOES-10, and (e) Polar (all in
GSM coordinates).

Polar magnetic field measurements [Russell et al., 1995]
clearly show strong dipolarizations of the magnetic field
during each of the sawteeth. The signature is also clear for
the first and third sawtooth at GOES-10. The dipolarizations
were not as clear in the geostationary orbit magnetic field data
away from the midnight sector, but still a moderate field
change was visible associated with every sawtooth injection.

[17] The ring current behavior is further analyzed using
available northern hemisphere midlatitude ground magneto-
grams. The top panel of Figure 4 plots the H-disturbance
color-coded in a UT-MLT diagram, which shows the mag-
netic disturbance level for all local times as a function of
time. The baseline (zero disturbance) was selected to be
before the sawtooth event at 1000 UT. In the plot, red colors
denote negative H-bay while blue colors denote positive H-
disturbance. It is clear that the ring current was increasingly
asymmetric with negative disturbances intensifying in the
evening sector.

[18] The bottom panel of Figure 4 shows the auroral
latitude magnetic activity in similar format, i.e., color-coded
in a UT-MLT diagram. Instead of showing the individual
stations at varying magnetic latitudes, the SuperMAG
database was divided into six local time sectors to provide
limited local time sector indices which are then color-coded
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in the figure. Comparing the activation intensities clearly
shows that the strongest auroral-latitude magnetic activity
was concentrated in the morning sector instead of the more
typical evening-sector dominance during substorm activity
(with the caveat that the evening-sector data coverage was
somewhat more limited than that in the morning sector).

3. Event-Oriented Magnetic Field Model

[19] In order to gain understanding of the magnetotail
behavior during the sawtooth event, we employ the methods
developed by Ganushkina et al. [2002, 2004] to model the
inner magnetosphere current systems. The basic approach is
to begin with the statistical field description given by the
T89 model for Kp = 4 [Tsyganenko, 1989], modify the
existing current systems, and add stormtime current com-
ponents to the model so that a best fit is obtained with all
available high-altitude magnetic field measurements as well
as the ground-based Dst index. While newer versions of the
empirical models have appeared since T89 [e.g.,
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Figure 4. 2001-10-22: UT-MLT plot created using (top)
midlatitude and (bottom) auroral latitude magnetograms.
The level of magnetic disturbance (in nT) is shown color-
coded.
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Tsyganenko, 1995, 2002a, 2002b], the T89 was selected as
the starting point because it has relative simple description
of the magnetospheric current systems and because it is
numerically very fast compared to the newer models.

3.1. Ring Current

[20] The ring current module in the T89 model is replaced
by two symmetric currents, one flowing eastward closer to
the Earth and one flowing westward farther from the Earth.
This is done to get a more accurate representation of the
field changes associated with the enhancing torus-like ring
current. The symmetric ring current intensity /' as a
function of radial distance in the equatorial plane Ry and
the relative intensity of the magnetic field B/B, is given by

B\*™ (Reo — Ro [)2 B\ ?
J{R,—~ => Joi —— |5 1
()" D 2)(2) "

where the index i sums over eastward and westward ring
currents, By is the magnetic field at the equator, Jp; is the
maximum current intensity, R,; the location of the
maximum of the current density, o is the current distribution
width (same for both eastward and westward currents), and
A is the anisotropy index determining how concentrated the
current is close to the equatorial plane [Ganushkina et al.,
2002, 2004].

[21] Similarly, the asymmetric partial ring current J URT §g
modeled by a function similar to the symmetric ring current
but with an added asymmetry factor given by (1 —
cos(¢p — 0)), where ¢ is the azimuth angle and 6 is the
duskward shift angle giving the azimuthal location of the
current maximum. The asymmetry factor gives rise to field-
aligned currents in the region 2 sense; these currents are
evaluated numerically from the divergence of the asymmet-
ric ring current.

[22] With this formulation, the ring current module
includes eight free parameters: the average distances of
the current Systems (RO,EASTa RO,WEST? RO,PART)7 maximum
current densities (JO,EASTs JO,WESTE JO,PART)7 current distribu-
tion width (), and anisotropy index (4). As the duskward
shift 6 of the partial ring current is known to depend on the
level of magnetic activity, it is evaluated from the Dst index
as

oz | Dst|
6= 3 tanh (Dsto) (2)

where the reference level is chosen to be Dsty = 40 nT
[Tsyganenko, 2002b].

3.2. Magnetotail Current

[23] The magnetotail current intensity is known to vary
strongly depending on the level of solar wind driving:
during periods of southward IMF the tail current intensifies
and moves earthward. Furthermore, a thin current sheet is
often formed near the inner edge of the plasma sheet. That
current is often concentrated in a layer that has a half-
thickness of the order of the ion Larmor radius, and tailward
extent from near-geosynchronous region to about 20 Rj
[e.g., Pulkkinen et al., 1992].
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[24] We account for the tail current intensification by
modifying the T89 tail current intensity by a factor (1 +
ATS), where ATS is a constant determining the increase
(positive values) or decrease (negative values) from the
baseline T89 model.

[25] In addition to modifying the intensity of the entire
tail current, we add a new thin current sheet near the inner
edge of the tail current sheet. The new tail current sheet is
formulated using vector potentials to ensure that the mag-
netic field remains divergenceless. The vector potentials are
of the form

AT

_ AnreWi(X, Y, Xinrc) Cr 4 @)
! Sr+ar+&r

Vs

where i runs from 1 to 2, 4y7c gives the intensity of the new
current sheet, Sz is a function characterizing the warping of
the current sheet, £ is a function characterizing the distance
from the current sheet center, and C; and C, are constants
defining the profile of the current. The cross-tail width
functions W are defined by the earthward and tailward edge
locations of the current sheet (X; yr¢ and X5 y7c) and
current sheet thickness. For details of the formulation, we
refer to Tsyganenko [1989] and Ganushkina et al. [2002].

[26] The difference of these two vector potentials 4 = A7
— A3 gives a thin current sheet with current density given by
MoJ =V x (V X A) between the limits X] NTC and X2,NTC5
and zero current intensity elsewhere. The magnetic field
components from this current are then given by B=V x A.

[27] The tail current formulation includes five free param-
eters: Current intensities A7S and Aypc, earthward and
tailward edge locations of the new thin current sheet
Xinre and X, yre, and half-thickness of the thin current
sheet D,.

3.3. Magnetopause Current

[28] As the T89 model does not include an explicit
magnetopause and its electric current formulation, modifi-
cation of the model currents is not as straight forward as in
the case of the intramagnetospheric currents. However, it is
clear that the magnetopause position and current intensity
are strongly controlled by the solar wind pressure [e.g.,
Shue et al., 1998]. We thus scale the T89 magnetopause
field components by a time-varying constant AMP =
\/Psw /2nPa, where 2 nPa is taken to represent quiet time
average solar wind pressure and is used as a normalization
constant only. In addition to scaling the dayside Chapman-
Ferraro field, it is also necessary to scale the characteristic
size of the magnetotail. We scale the tail radius to match that
given by Shue et al. [1998]. The magnetopause field and the
magnetotail radius are then defined by the observed solar
wind and IMF parameters in the form

where Ry = 30 Ry is the T89 tail radius value for Kp = 4.
The magnetopause position Z-coordinates are evaluated
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Table 1. Summary of Model Parameters®

Current Parameter Unit Fixed Free Data
Eastward RC Ry gasr Rg 2.0
JO,EAST nA/m2 1.5
Westward RC Ry wesr R 2.5-4.5
Jo.wesr nA/m? 1.5-15.0
Partial RC Ro.parr Rg 5.0-6.5
Jo.parRT nA/m? 0.5-7.0
o 0.8
A 1.0
1 Dst
Tail current ATS —-0.5-2.0
Anrc 0.1-2.4
Xinre R -2.0
Xoprc Re 100
Do Ri 0.2
MP currents AMP Pgy
Ry Psys IMF

“Left column indicates current system, next the parameter and its
physical unit (if any). The three following columns indicate (Fixed) use of
fixed value for the parameter, (Free) range of values used in the fitting
procedure, and (Data) data used to derive the parameter value.

from the Shue et al. [1998] model (Z7.sp,.) and T89 model
(Z];]gg) at X = -20 RE and Y= 0.

[20] The magnetopause current modeling involves only
two parameters (4AMP and R7), both of which are directly
determined from solar wind and IMF observations.

3.4. Sawtooth Event Model

[30] Using the formulation above and magnetic field
measurements from GOES-8, GOES-10, Polar, and the
Dst index, the model parameters were evaluated during
1000-2000 UT to give a best fit to the observed field
values. As the number of measurement points in the
magnetosphere is limited, it is not possible to determine
all parameters by the fitting procedure. Table 1 collects the
model parameters and indicates parameters that were used
with fixed values (not changed by fitting procedure),
parameters determined by the Dst index, solar wind pres-
sure, and IMF B, (not changed by fitting procedure but
variable in time), and the range of allowed values for the six
free parameters during the fitting procedure. The best fit
was determined by minimizing the least squares error
between the model and observed field components in space
and on ground. Each time step was fitted individually with
linear least squares fitting with no predetermined correlation
between neighboring time steps.

[31] Figure 5 shows the results of the fitting procedure
during the sawtooth event on 22 October, 1000—-2000 UT.
Shown are magnetic field By (top row), By (middle row),
and B (bottom row) components for GOES-8 (left column),
GOES-10 (middle column), and Polar (right column) space-
craft. All field values are shown with the dipole field
subtracted. Measurements are shown with thin lines and
the event-oriented magnetic field model with thick lines. All
these measurements were also used in the fitting procedure.

[32] On average, the model predicts the magnetospheric
field variations quite well during the course of the storm
(mean error was 22 nT). The advantage of the event-
oriented model over statistical models such as, for example,
the TOls model [Tsyganenko, 2002a, 2002b] is that it
captures the essential features of the magnetic field stretch-
ing and dipolarization seen especially well in the Polar data.
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The statistical models are specified by solar wind and IMF
parameters and the Dst index, which alone cannot define
growth phase and onset timings, and typically give weaker
stretching and no dipolarizations.

[33] In order to carry out a test of the model performance
using independent data, Figure 6 compares field inclination
measurements from the MPA-instrument onboard three
LANL spacecraft 1991-080, 1994-084, and LANL-97A
[Bame et al., 1993]. The field inclinations were inferred
from the pitch angle distribution symmetry properties for
electrons in the energy range 0.03—40 keV. In case the ion
distribution showed stronger anisotropy, the ion data in the
energy range 0.1-40 keV were used for the anisotropy
determination [Thomsen et al., 1996]. While there are
discrepancies, overall the agreement is reasonably good.
Spacecraft 1991-080 was near midnight during the first
injection, while the same is true for s/c 1994-084 for the
third sawtooth. In both cases, the model slightly over-
predicts the amount of field stretching in the midnight
sector. On the other hand, s/c 1991-080 gives good agree-
ment in the postmidnight sector, and LANL-97A a reason-
able fit in the postdusk sector after the second sawtooth. The
main difference is that the dipolarizations in the model are
not as strong as those observed at geostationary orbit. This
is most likely due to the fact that the model lacks the field-
aligned currents that can significantly contribute to the field
inclination within the current wedge, where both the down-
ward and upward currents act as to increase the field
inclination (further dipolarize the field). This is not as much
of a problem further out, where the field-aligned currents
spread over a wider region of space.

[34] The relatively good agreement in all local time
sectors leads us to believe that the magnetic field model
captures the essential features of the magnetotail magnetic
field variations during the sawtooth events, including the
strongly asymmetric conditions both in the noon-midnight
and dawn-dusk meridian planes. Further assurance of the
model performance is given by the fact that the time series
of the various parameters shows a rather smooth behavior
even though each time step was fitted individually, as will
be discussed in the next section.

4. Analysis of Model Results

[35] Following detailed analyses of sawtooth events, the
community is currently debating whether they form a
special class of events or are simply storm-time realizations
of substorm activity. It is meaningful to categorize these as
distinct types of activations only if they are associated with
physical processes that are markedly different from those of
nonstorm substorms or if they always occur under specific
solar wind and/or magnetospheric conditions that can be
distinguished from typical substorm conditions.

[36] There were in total five Los Alamos spacecraft
measuring the geostationary orbit energetic particle envi-
ronment, although s/c 1990-095 had data gaps. Thus, good
coverage was available during the entire period. While the
injections were not completely simultancous from satellite
to satellite, all four injections were seen at all five (or four)
spacecraft. The proton injections were first seen in the
morning sector, while the electron injections were first
observed in the nightside magnetotail (see Figure 2).

6 of 13



A11817

PULKKINEN ET AL.: MODELING SAWTOOTH EVENTS

GOES 10

A11817

Polar

60 T

Bx [nT]

] 100 J\A/‘
a1

50

.
7

L
o
=]
T
.

By [nT]
o

®03 M

Bz [nT]

10 12 14 16 18 20 10 12
UT [hours]

. -80

14
UT [hours]

16 18 20 10 12 14 16 18 20
UT [hours]

Figure 5. 2001-10-22: Magnetic field model results for GOES-8, GOES-10, and Polar. Panels from top
to bottom show By, By, and B, components of the field with the internal field subtracted (all in GSM
coordinates). Observations are shown with thin lines, and the event-oriented field model developed here
is shown with thick lines. The solid dots in the By panel shows the times when GOES-8 and GOES-10

were at 0300 and 0600 MLT, respectively.

[37] The magnetic field observations from Polar show
that the field dipolarizations were observed promptly during
each sawtooth. GOES-10 showed a clear dipolarization at
the first and third sawtooth, and somewhat less clear
signatures during the second and fourth. GOES-8 showed
also field enhancements during the first, third and fourth
sawtooth events, and less clear signature during the second.

[38] The field inclination inferred from the MPA data
show clear signs of the dipolarizations for all sawteeth in the
dusk, midnight, and dawn sectors. The only dipolarization
not observed was the first sawtooth at LANL-97A, which at
that time was located near 15 MLT. Taken together, each of

the four sawteeth extended at least from terminator to
terminator within only a few minutes from the onset near
the night sector.

[39] Figure 7 shows the model parameters derived from the
fitting procedure. The model results are shown with the solid
dots. The top panel shows the measured and model-predicted
SYM-H indices, which overlap perfectly. The SYM-H index
was used in the fitting procedure, and this agreement dem-
onstrates that it is possible to find a magnetospheric current
configuration which reproduces the ground magnetic index
variations to high degree of accuracy.
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Figure 6. Magnetic field model results compared with field inclination measurements from the MPA
instrument onboard LANL geostationary satellites. The polar angle (§ = tan™'(B,/ /B% + B%) is shown
in GSM coordinates with data shown with solid dots and empirical model results with thick solid lines.
The solid dots show the times when the s/c were at 18 MLT.

[40] Figure 7b shows the intensity of the symmetric part
of the ring current. It shows relatively low degree of
variability (except 1300—1400 UT), consistent with the
almost constant value of the SYM-H index. Even the
slightly decreasing trend in the SYM-H index is reflected
as an increase in the total ring current toward the end of the
modeling period.

[41] Figures 7c and 7d show the asymmetric index ASY-
H and the partial ring current in the model. The partial ring
current is much more variable than its symmetric counter-
part; it shows a rapid decrease associated with three first
sawtooth injections, but a rather curious increase at the time
of the fourth injection. The ASY-H index behavior is
qualitatively quite similar to the asymmetric ring current,
even though the ASY-H index was not used in the fitting
procedure. Thus, it seems that both the model and ground
magnetic observations indicate the existence of highly
variable and strong asymmetric ring current component in
the dusk sector magnetotail.

[42] Figures 7e and 7f show the magnetic field measure-
ments from Polar, the model reproduction of the field at that
location and the total tail current in the model. Each of the
dipolarizations in the magnetotail are associated with a
decrease in the tail current. After the decrease, the tail
current starts to build up until the next dipolarization
follows in about 2 hours’ time. This is qualitatively consis-
tent with the standard view of substorm-associated buildup
and disruption of the inner magnetosphere tail current. Note
that the asymmetric part of the ring current behaves simi-
larly with the tail current, decreasing at the time of the
injections and increasing during the periods between the
injections. This indicates that the partial ring current is
associated with the energy loading and thin current sheet
formation processes near the inner edge of the magnetotail
[Pulkkinen et al., 1992]. However, the SYM-H index (and
the model symmetric ring current) were relatively un-
changed during the current disruption and injection events.

[43] The model results presented in Figure 7 describe
each of the model current systems individually. However,

8 of

the current systems overlap, and it is impossible for the
model to know which current system creates which part of
the variation at the measurement points if the measurements
do not cover a substantial portion of local times and radial
distances. Therefore the distribution of the model currents to
“symmetric ring current,” “tail current,” and “partial ring
current” is somewhat ambiguous. In the following, the
currents are separated only based on their location in the
magnetosphere.

[44] The top panel of Figure 8 shows the total current
inside geostationary orbit (in units of MA) at four local
times, midnight (black), noon (red), dusk (blue), and dawn
(green). These values were obtained by integrating the
current density from R = 2 Ry to R = 6.6 Ry and over the
entire current sheet thickness. The bottom panels show
the integrated current ([ j, dz, in units of nA/m) as
functions of time and X (middle panel) or Y (bottom panel).
Hence the middle panel gives the current flowing through
the noon-midnight meridian plane, while the bottom panel
gives the current through the dawn-dusk meridian plane.
The sawtooth injection times are marked with black or
white vertical lines.

[45] The middle panel shows that each of the sawtooth
injections is preceded by strong enhancement of the tail
currents between geosynchronous orbit and about 10 Rg.
The first, second, and fourth injections also correspond to
times of the tail current disruption. During the third onset
the current weakens in the inner magnetosphere around
geostationary distance, but the tail current reduces only
slightly and remains relatively intense during the period
between the third and fourth sawtooth. Note that during the
fourth injection, the tail current disrupts tailward of geosta-
tionary orbit, while the current around geosynchronous
distance remains strong. It is also evident that throughout
the period, the currents near and inside geosynchronous
orbit are slowly increasing in intensity at the midnight
meridian.

[46] The bottom panel reveals the strong asymmetry in
the magnetospheric currents as well as the strong role of the
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Figure 7. 2001-10-22: Model predictions of inner magne-
tosphere current systems. (a) SYM-H index (solid line) and
model prediction (solid line with symbols); (b) Symmetric
ring current intensity from the model; (c) ASY-H index;
(d) Partial ring current intensity from the model; () B, from
Polar (dipole field subtracted, thin solid line) and model
prediction (solid line with symbols); (f) Tail current
intensity from the model.

partial ring current in the dynamics of the event. The dusk
sector (positive Y-values) currents are much stronger than
those in the dawn sector, and also stronger than the tail
currents in the near-Earth region. The three first sawteeth
show a clear decrease of the partial ring current around the
injection times (although for the first sawtooth the decrease
is much delayed), but the fourth sawtooth shows a strong
enhancement of the current, which remains at high level
until the end of the modeling period.

[47] The top panel, showing the integrated currents inside
geosynchronous orbit, reconfirm the model predictions
shown in Figure 7: The dusk sector current (blue) has
strong time variations and much resembles the partial ring
current module in the model. In the other local time sectors,
the time variability is much smaller and only show a gradual
increase of the ring current throughout the period, again
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resembling the symmetric ring current module in the model.
Thus it seems that the fitting procedure is able to distinguish
the various current systems from the available observations
quite well.

[48] The strong asymmetries in the magnetic field are
clearly seen also in the field line configurations. Figure 9
shows the magnetic field lines at 1335 UT (shortly before
the second sawtooth injection) for two meridional cuts, at
the noon—midnight and dawn—dusk planes. The left panel
showing the noon—midnight cut clearly illustrates the very
strong currents that stretch the magnetotail to the degree that
a neutral point is formed in the model. (As the model
contains no plasma, formation of the neutral points occurs
very easily, and auxiliary information should be used before
these are interpreted as reconnection sites in the magneto-
tail). Furthermore, the right panel shows the effects of the
highly asymmetric ring current with much-inflated dusk
sector magnetic field configuration with stretched field
lines.

[49] The middle panels of Figure 9 show the current
intensity integrated in the Z direction (in units of nA/m)
along the X (left) and Y (right) axes, depicting the total
current through the noon-midnight and dawn-dusk meridian
planes. The black curves give the currents at the time before
the sawtooth injection (1335 UT), while the thin lines show
the dipolarized field configuration after the injection at
1350 UT. The bottom panels show the same information,
but integrated also along the radial direction from the Earth
to the given radial distance. Thus, each point in the lower
panels indicates the amount of current flowing inside that
radial distance in the model. It is clear that before the
sawtooth event, the current around geostationary orbit is
very strong, being strongest in the dusk and midnight
sectors. The effect of the injection is to move the current
maximum closer to the Earth to provide the more dipolar
field configuration, and the total current especially in the
dusk sector decreases considerably. In the night sector, the
total current inside 8 Rg does not actually change much:
the effect is mostly a redistribution from the tail to the near-
Earth region.

5. Discussion

[50] The sawtooth events discussed in this paper exhibit
all typically found features: periodicity of about 2.5 hours,
longitudinal range over 180 degrees within a relatively short
time, and strongly asymmetric ring current. Thus conclu-
sions drawn from this event are likely to hold for other
sawtooth events as well.

5.1. Model Performance

[5s1] The event-oriented magnetic field model developed
in this paper reproduced the magnetic field variations
recorded at GOES 8, GOES 10, and Polar. These variations
included strong field stretching prior to the sawtooth injec-
tions and dipolarizations of the field associated with the
injections. The field inclination measurements not used in
the model fitting were also reasonably well reproduced.
These results lead us to believe that the empirical modeling
techniques can be quite accurately used to reproduce the
large-scale magnetospheric current systems during times
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Figure 8. 2001-10-22: (top) Integrated current inside geostationary orbit (in units of MA) in four local
time sectors, midnight (black), noon (red), dusk (blue), and dawn (green). (middle) Noon-midnight
meridian cut of the current intensity integrated over the current sheet thickness. The current density is
color-coded as function of time and X-distance along the tail. (bottom) Dawn-dusk meridian cut of the
current intensity integrated over the current sheet thickness. The current density is color-coded as

function of time and Y-distance along the terminator.

when observations from multiple locations in the inner
magnetosphere are available.

[52] The model at times produces relatively fast variations
of the symmetric ring current, which may not be consistent
with the timescales of the ring current particle loss pro-
cesses. However, it needs to be kept in mind that a magnetic
field model responds both to variations in the ring current
particle content (intensity of the current) and to changes in
the field configuration (location of the current), which can
lead to rapid changes in the field even if the particles remain
in the inner magnetosphere. However, a future task might
include examining a model version where the ring current is
allowed to vary only slowly. This would have the largest
effects on the current distribution between the partial ring
current and the symmetric ring current, making the partial
ring current even more variable than in the present version.
As the model is already setting the largest variations to the
partial ring current, the effects of this restriction may not be
very large.

[53] The event-oriented magnetic field model provides
current systems, their locations and intensities, and an optimal
configuration to represent the data. While numerically te-
dious, the event-oriented approach gives a good representa-
tion of smaller-scale variations in the magnetic field, not
provided by the statistical models, for problems which require
detailed knowledge of the tail configuration and its changes
over relatively short time periods. However, event-oriented
modeling can only be applied to events where data are
available from at least three well-positioned satellites cover-
ing the regions of interest in the magnetotail. Furthermore, the
number of free parameters is large compared to the number of
independent measurements in the magnetotail, and thus the
determination of the model parameters requires careful anal-
ysis and parameter selection.

[s4] Accurate representations of both magnetic and elec-
tric fields are needed for quantitative assessment of the
effects of stormtime activations (be they substorms, saw-
tooth events, or other types of activations). Particle energi-
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Figure 9. 2001-10-22: (top) Magnetic field lines at 1335 UT in the noon-midnight (left) and dawn-dusk
(right) meridian planes. (middle) Current intensity (integrated in the vertical direction, in units of nA/m)
as a function of X (left) and Y (right) for two time instants, before the second sawtooth injection at 1335 UT
(thick line),and after the sawtooth injection at 1350 UT (thin line). (bottom) Integrated current (in units
of A) as a function of X (left) and Y (right) in a format similar to the middle panel. The current values
indicate total current inside that distance, thus the value at 6.6 Ry gives the current flowing inside

geosynchronous orbit at that meridian.

zation and drift paths can be vastly different depending on the
models used [Ganushkina et al., 2006]. For example, using
even strong but static convection electric field, it is impossible
to reproduce the strong ion energization to 100-keV range.
However, electric field impulses simulating the substorm
effects together with more realistic magnetic field represen-
tations can account for the observed energy range and
intensity of the ring current [ Ganushkina et al., 2005].

5.2. Sawtooth Events and Substorms

[55] The model results discussed above allow us to study
the magnetospheric currents associated with the sawtooth
events that demonstrated a wide local time extent of the
stretching/dipolarization behavior. The magnetotail currents
during sawtooth events resemble those during nonstorm
substorms [e.g., Pulkkinen et al., 1992]: A thin current sheet

is formed in the inner magnetotail, and the sawtooth
injections are associated with disruption of that current
and consequent magnetic field dipolarization. The fact that
the injections and field dipolarizations were seen almost
simultaneously at geosynchronous orbit and at 8 R indicate
that the sawtooth events are associated with large-scale
magnetospheric processes that extend over several Ry in
radial distance. These results are consistent with other event
studies [Henderson et al., 2006] and statistical properties of
the sawtooth events.

[s6] The differences between sawtooth events and sub-
storms include a more Earthward intrusion of the tail
current, which causes the inner edge of the current to close
as a partial ring current [Henderson, 2004]. During saw-
tooth events, a strong, thin current sheet was present in the
near-geostationary region encompassing not only the night-
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side but also a significant portion of the dusk sector
magnetosphere. This is a feature often found during mag-
netic storms, typical of the sawtooth events, but it is
uncommon to find such tail-like fields in the dusk sector
magnetosphere at other times [Thomsen et al., 1994]. The
empirical magnetic field model both reproduces the asym-
metry and provides a qualitative explanation: an extension
of a thin, tail current-like current carrying the partial ring
current on open drift paths in the dusk sector.

[57] The strong partial ring current flows on open drift
trajectories from the tail to the dusk sector. The extension of
the current sheet toward the evening sector terminator
significantly increases the drift speeds, and provides rapid
access of the proton injections over a large portion of the
geostationary orbit. Henderson et al. [2006] point out that
the sawtooth injections are not necessarily simultaneous at
all local times when examined in detail, and that the delays
are consistent with propagation from the night sector toward
dawn and dusk. Thus the current sheet extending close to
the Earth and toward the dusk sector provides a qualitative
explanation of the near-simultaneity of the injections at
vastly different local times. On the other hand, the near-
simultaneous field dipolarizations over a range of local
times would suggest that the injection front was relatively
wide.

[58] The SYM-H index increases (decrease in absolute
value) slightly at each of the sawtooth onsets. While the
symmetric ring current actually increases, the decrease of
the partial ring current and tail currents dominate over the
index to produce a net effect of increase. This once again
highlights the fact that the SYM-H index (or the Dst index)
responds to all magnetospheric current systems [Turner et
al., 2000]. Thus, careful analysis of all current systems is
required before conclusions of the increase/decrease of the
ring current can be drawn.

[s9] While the dynamics of the sawtooth event onsets can
be quite similar to nonstorm substorms (localized instability
initiated within the thin current sheet formed in the inner
magetotail [Lui ef al., 2004]), the consequences can be quite
different: The strong convection drives the plasma sheet
very close to the Earth and further duskward than under
nonstorm conditions. This is clearly seen in the MPA data,
which show that throughout the entire period, the geosyn-
chronous spacecraft entered the plasma sheet between 1530
and 1700 MLT, which is 2—3 hours earlier in local time than
under average conditions. The duskward extent of the tail
current sheet causes a majority of the injected particles to be
on open drift paths. This leads to the ring current’s remain-
ing relatively constant, while the asymmetry index under-
goes strong variations. It is clear that such events will then
have a different contribution to storm dynamics than those
events, where the injected particles become mostly trapped
on closed drift paths.

[60] The symmetric ring current (using Dst as a proxy)
remained relatively constant during this period. Pulkkinen et
al. [2005] analyzed the energy input and output using the
Burton formulation [O’Brien and McPherron, 2000] and
concluded that the constant driving from the solar wind was
at a level where the losses were balanced by the driving,
producing almost 24 hours of steady Dst. As neither the
solar wind nor the IMF showed variations at the periodicity
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of the sawtooth injections, the cause of the 2.5-hour
periodicity remains open.

[61] It is interesting to note that the empirical magnetic
field model is able to reproduce the observed SYM-H
variations to high degree of accuracy. Using the Dessler-
Parker-Sckopke formulation based on ring current particle
energy densities, Siscoe et al. [2005] recently showed
results of the same storm obtained from the kinetic ring
current RAM code by Jordanova et al. [1998]. The RAM
code results were not able to reproduce the continued steady
depression of the Dst, but predicted a faster decay of the
index. Siscoe et al. [2005] argue that part of the discrepancy
between the model and measured Dst arises from an overly
large pressure correction; they argue that during strong
activity the Chapman-Ferraro currents at the dayside mag-
netopause are changed to Region 1 currents connecting to
the ionosphere. If this is the case, the correction due to those
currents would be quite different from the one standardly
applied (i.e., square root of the dynamic pressure), which
was used here with good success. On the other hand, if the
magnetic field configuration plays a major role in predicting
the magnetic variations on ground, the dipole-based RAM
code may be underestimating the current in the near-
geostationary region.

[&2] However, if indeed the magnetopause current topol-
ogy is dependent on the intramagnetospheric currents, as
recently suggested by Palmroth et al. [2006] and Pulkkinen
et al. [2006], this further highlights the importance of
having accurate information of the magnetospheric config-
uration when assessing questions related to solar wind and
IMF drivers of magnetospheric activity.

6. Conclusions

[63] Analysis of a sawtooth event on 2001-10-22 using an
empirical magnetic field model leads to the following
conclusions:

[64] 1. Sawtooth injections are associated with strong
stretching of both nightside and dusk sector magnetic field
prior to the injection and a partial disruption of that current
at the time of the injection. The currents are strongest near
geosynchronous distance and in the premidnight sector.

[65s] 2. The strong dusk-sector field stretching produces
much faster proton drift times than in a quasi-dipolar field,
which allows rapid expansion of the injection front. How-
ever, the near-simultaneous field dipolarization suggests a
wide injection front. A wide injection front together with
rapid drift times then provides the near-simultaneous con-
figuration changes at all local times.

[66] 3. While the tail field behavior resembles that of
nonstorm substorms, the consequences of the stretching/
dipolarization cycle are different from nonstorm times: The
drifting protons are mostly on open drift paths, which leads
to lesser enhancement of the symmetric ring current and
large variations in the asymmetric ring current.

[67] 4. Neither analysis of multipoint magnetic field data
using the model nor analysis of the solar wind and IMF
variations pointed to any explanation of the 2.5-hour
recurrence time of the sawtooth events.

[68] 5. The three-spacecraft magnetic field measurements
together with the Dst index were sufficient to constrain the
model to give a reasonably accurate global magnetic field
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representation, as confirmed by an independent test using
the field inclinations from the geostationary spacecraft. This
shows that the empirical modeling methods can be quite
reliable in predicting the large-scale fields when suitable
amount of observations are available.
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